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The neutron diffraction method and the synchrotron high-energy X-ray diffraction technique provide
global and local measurements of textures and residual stresses in both structural and functional materials
under various environments. In this paper, we present the in situ measurements in ferromagnetic shape-
memory alloys during phase transformation, which reveal the good “memory” of textures and stresses.
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Introduction
Ferromagnetic shape-memory alloys (FSMAs) have attracted great interest during the past
several years, due to their potential applications as magnetic-field-driven sensors and actuators
[1,2]. Among those FSMAs, Ni–Mn–Ga alloys with chemical compositions close to the
stoichiometric intermetallic compound, Ni2MnGa, are studied in many aspects, as they exhibit
a giant shape-memory effect (SME) under applied magnetic fields [3,4]. However, many
fundamental issues remain unclear, such as crystallographic textures, stresses, and their
interactions in polycrystalline materials. The neutron diffraction technique provides accurate
information of the crystal structures and shows the advantages in measurements of global
textures and average responses of lattice strains under loading for Ni–Mn–Ga alloys,
attributed to the large difference in the neutron diffraction factors for the Ni, Mn, and Ga atoms.
The high parallel X-ray beam based on the synchrotron source may be used to trace the changes
of detailed local information on textures and stresses under various environments, inaccessible
by other techniques. By combining the two techniques, we obtain the full amount of
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information on crystallographic aspects during the phase transformation in those alloys. Here,
we present the in situ investigations of global and local textures in the Ni2MnGa alloys by the
neutron diffraction method and the synchrotron X-ray diffraction (XRD) technique during
deformation and phase transformation. The in situmeasurements reveal the good “memory” of
texture and stress in the FSMAs, which is closely related to their functional performances.
Experimental
A 380 g button ingot with the chemical composition of Ni48Mn30Ga22 (at.%) was prepared by
the repeated melting of the high-purity constituent elements in an induction furnace, protected
under an argon atmosphere. In order to obtain homogeneity, the ingots were sealed into
a vacuum quartz tube and annealed at 9008C for 52 h. A thin layer of yttria was wiped on the
surface of the annealed ingots to prevent oxidation in the subsequent hot-forging process. The
annealed ingots were then sealed into stainless steel jackets. Thereafter, some fiberglass was
filled into the empty sections of the stainless steel jacket. The sealed ingots were heated to
9508C and held for 2 h, and then forged at 9008C in the dies of the cast Ni3Al alloy under a strain
rate of about 1022/s. The Ni53Mn25Ga22 alloy was deformed to a final strain of about 58%. The
detailed fabrication processes of materials are given elsewhere [5]. A cylindrical sample with a
size of 6 £ f5 mm was cut by an electro-discharge machine from the forged ingots, with the
axial direction parallel to the uniaxial compression direction of the hot forging, for global
texture measurements by the neutron diffraction technique. A rectangle sample with a size of
1 £ 2 £ 15 mm was cut for the synchrotron XRD measurements.
The pole figure measurements were performed on the residual stress and texture
diffractometer with the wavelength of 1.7 A˚ using the Eulerian cradle, at the Studsvik
Neutron Research Laboratory, Sweden. The inverse pole figures were determined by the
popLA software [6] from three measured pole figures. High-energy XRD measurements
were carried out on the beam line 11-ID-C at the Advanced Photon Source (APS), Argonne
National Laboratory (Argonne, IL, USA). A monochromator with a Si (113) single crystal
was used to provide an X-ray beam with the energy of 115 keV. The sample was mounted on
a 1 mm cross-section along the beam direction, and the beam size was 100 (transverse) £ 100
(vertical) mm2. Using a two-dimensional detector (Mar345), the lattice strain was collected
over a plane encompassing the radial direction and (nearly) the compression direction of hot-
forged ingot.
Results and discussion
Figure 1 shows the (200) pole figure and the inverse pole figure of the compression axial
(CA) direction in the hot-forged Ni48Mn30Ga22 alloy with a Heusler austenitic structure at
room temperature. Strong texture components and a large plastic flow anisotropy can also be
observed from the measured pole figures. It can be seen from the inverse pole figures for
the CA illustrated in figure 1(b) that the main texture component may be identified as the
component notated as ,100. –,111. //CA. This component is in agreement with the
uniaxial compression textures in some body-centered-cubic (BCC) alloys, which is due to
the fact that the Heusler structure actually consists of eight BCC simple cells. From this
experiment, we may conclude that the deformation and recrystallization behaviours in the
present alloy are similar to that found in BCC metals or alloys [7], i.e., that the ,111.
pencil slipping is dominated during the deformation of the Heusler alloy.
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Figure 2 gives the measurements of local textures, collected by an area detector by the
synchrotron XRD technique, at 282 and 277 K, respectively. The ,100. //CA texture
component, i.e.,,400. P//CA, is clearly evident, as marked by the white arrow in figure 2(b).
When the temperature is decreased to 277 K, the phase transformation from the parent phase into
martensite (seven layers martensite) occurs [6]. It can be seen that the ,100. //CA texture
component in the parent phase is changed into [2,14,0]//CA and [001]//CA in the martensite,
which indicates that the memory effect in the Ni2MnGa FSMA during the phase transformation
can be characterized by the “memory” of the texture.
The detailed changes of (400)P diffraction peaks during cooling from 284 to 281 K
are displayed in figure 3. It can be observed that parent phase begins to transform into the
martensite at 281.5 K from the appearance of the (2,14,0)M and (004)M in the martensite (the
left and right peaks of the (400)P). After cooling to 281 K, the parent phase almost disappears,
which indicates a sharp phase transformation during the change of the temperature in this alloy.
Figure 1. (200) pole figure (a) and inverse pole figure (b) of the compression axial direction in the hot forged
Ni48Mn30Ga22 alloy determined by the neutron diffraction technique.
Figure 2. Measurements of local textures collected by an area detector by the synchrotron XRD technique at
(a) 282 K, and (b) 277 K, to show the memory of textures. The diffraction peaks marked by the two arrows are the
,400. P in the Heusler phase, and (2,14,0)M and (004)M in the martensite phase.
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Aside from this, it was found that the Bragg spots of the parent phase are not a straight line
along the f (the azimuthal angle in the Debye ring) direction, which indicates that the
interganular stress in the parent phase is quite large. The lattice strain by the (400)P peak is
about 7000–8000 £ 1026. This means large intergranular stresses in the parent phase are
produced under the hot forging process. Interestingly, the (400)P intergranular strains in the
parent phase are transformed into large (2,14,0)M and (004)M intergranular strains in the
martensite. Thus, the “memory” of stresses during the temperature-controlled phase
transformation and the local heterogeneity of the phase transformation are clearly
demonstrated by the in situ measurements using the high-energy XRD technique.
Conclusions
The deformation and recrystallization behaviours in the Ni2MnGa FSMA are similar to that
found in bcc metals or alloys. The memory effect in the Ni2MnGa FSMA during the phase
transformation can be characterized by the “memory” of the textures. There are large
intergranular stresses in the hot-forged polycrystalline materials. The “memory” of the stresses
during the temperature-controlled phase transformation and the local heterogeneity of phase
transformation is clearly demonstrated by the in situ measurements using the high-energy
XRD technique. We find the sharp phase transformation during the change in the temperature.
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Figure 3. The phase transformation as a function of temperature cooling from 284 to 281 K, as observed from the
changes of (400)P in the Heusler phase to (2,14,0)M and (004)M in the martensite phase. The arrow marked is the
(400)P peak. The left and right peaks appearing at 281.5 and 281 K are (2,14,0)M and (004)M, respectively.
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